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Center for Micro-Nano Technology, Hosei University, Tokyo, JapanABSTRACT The dynamic switching of the bacterial flagellar motor regulates cell motility in bacterial chemotaxis. It has been
reported under physiological conditions that the switching bias of the flagellar motor undergoes large temporal fluctuations,
which reflects noise propagating in the chemotactic signaling network. On the other hand, nongenetic heterogeneity is also
observed in flagellar motor switching, as a large group of switching motors show different switching bias and frequency under
the same physiological condition. In this work, we present simultaneous measurement of groups of Escherichia coli flagellar
motor switching and compare them to long time recording of single switching motors. Consistent with previous studies, we
observed temporal fluctuations in switching bias in long time recording experiments. However, the variability in switching bias
at the populational level showed much higher volatility than its temporal fluctuation. These results suggested stable individuality
in E. colimotor switching. We speculate that uneven expression of key regulatory proteins with amplification by the ultrasensitive
response of the motor can account for the observed populational heterogeneity and temporal fluctuations.INTRODUCTIONProtein expression is a fundamentally random process with
multiple levels of stochasticity hidden in DNA transcription
and translation, which produces notable cell-to-cell varia-
tions in the number of messenger RNA transcribed and
the manifested protein expression levels. Such hetero-
geneity presented in an isogenic cell population is termed
nongenetic individuality. In recent years, there are accumu-
lating evidence showing that nongenetic variability in
gene expression is ubiquitous (1–4) from prokaryote to
eukaryote, and such variability resulted from fluctuation
and noise in biochemical processes that may have important
physiological implications (5,6). In prokaryotic cells, an
eminent example featuring nongenetic trait in natural selec-
tion is the phenomenon of bacterial persistence, in which a
bacterial phenotype that can survive antibiotic treatment is
induced by stochastic gene expression, instead of mutations
in the genome (7,8).
A milestone in studying nongenetic individuality in pro-
karyotic cells is the work published by Spudich and Kosh-
land (9) in 1976, in which they reported large behavioral
variability shown in the chemotactic response of the same
clonal population of bacteria. Large variations were
observed in the recovery (adaptation) time of each cell to
its prestimulation tumbling status, as well as in the mean
swim/tumble time duration, in a stimulus-free environment.
They attributed this behavioral variability to noise arising
from the small number of molecules involved in gene regu-Submitted July 26, 2013, and accepted for publication September 16, 2013.
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hedging mechanism, whereby a clonal population of cells
maximizes its survival probability in a rapidly changing
environment by exploring diverse phenotypic solutions.
After a few decades of research endeavor in studying bac-
terial chemotaxis, we now have a much better understanding
of how bacteria respond to external stimuli (10,11) at the
molecular level. In the case of Escherichia coli, the chemo-
tactic signaling pathway starts from the transmembrane che-
moreceptors located on the cell surface, which can sense the
temporal changes of attractant or repellent concentrations.
Information of the extracellular environment is rapidly
translated into changes in the methylation level of the che-
moreceptors, which is regulated by a pair of enzymes
CheR and CheB. A kinase CheA on the receptor phosphor-
ylates itself and also transfers phosphoryl groups to CheY,
the messenger molecules that can diffuse across the cyto-
plasm. Binding of attractants to the chemoreceptors
decreases the rate of CheY phosphorylation and keeps
cellular [CheY-P] low; binding of repellents has the reverse
effect and makes cellular [CheY-P] high. At the end of the
pathway are a few (~3 to 5) bacterial flagellar motors
(BFM) located on the surface of the cell. An E. coli BFM
can stochastically switch its rotation direction between the
clockwise (CW) and the counter-clockwise (CCW) direc-
tions. When most of the motors on the membrane spin
CCW, the flagellar filaments form a bundle and propel the
cell steadily forward; when some of the motors (can be as
few as one) spin CW, the flagellar filaments fly apart and
the cell tumbles, choosing a new swimming direction. Rota-
tion bias of the motor is ultrasensitively regulated by the
CheY-P concentration (12), which strongly biases CWhttp://dx.doi.org/10.1016/j.bpj.2013.09.043
2124 Bai et al.rotation when [CheY-P] is high (10–12). A molecular
model, featuring the conformational spread mechanism,
has been proposed (13,14) to explain how CheY-P fine tunes
BFM switching and was supported by recent high-resolution
measurements (15).
Although the biological function of the BFM and the
design principle of the chemotactic signaling network
have been well studied, the source causing behavioral
variability remains poorly explored. Recent experimental
and theoretical works showed that motor switching responds
to mechanical signals (external load attached to the motor)
as well as CheY-P concentration (16–18). Therefore, when
studying the behavioral variability in bacterial chemotactic
response, it is necessary to remove the heterogeneity caused
by extrinsic environmental factors. For example, the behav-
ioral variability in the chemotactic response of a bacterial
clone can be explained by the fact that flagellar motors on
each cell were working under different external loads,
possibly resulting from different lengths of the flagella,
different frictional drag between rotating flagella, and other
factors.
It is also important to note that at the single-cell level
Korobkova et al. (19) reported that CheY-P concentration
exhibited large temporal fluctuations in an unstimulated
environment, which led to oscillations in motor switching
bias that showed long time correlation. This suggested
that the BFM switching and chemotactic response as a
whole could be a highly dynamic process, which shows
large and fast temporal fluctuations. Therefore, as illustrated
in Fig. 1, the cell-to-cell variability in switching observed in
a bacterial clone could be explained by two contrary
scenarios: a), motor switching is highly dynamic and there-
fore to measure the cell-to-cell variability is like taking
snapshots of a time-changing process, giving observation
of different cell behavioral states at different time points,
but they are featuring essentially the same dynamic process;
b), motor switching has stable individuality, and such indi-
viduality is determined by different expression levels of
key regulatory proteins.
Spudich and Koshland’s 1976 work (9) established that
bacterial chemotactic response has stable individuality,Biophysical Journal 105(9) 2123–2129however, it is still worth studying the phenomenon at the
single motor level, especially, to establish a mathematical
criterion to distinguish the two scenarios discussed previ-
ously and examine if they can coexist. In this study, to
gain a deeper insight into nongenetic individuality, we
used the BFM switching as a key indicator of bacterial
chemotactic response and reexamined the behavioral vari-
ability in an isogenic bacterial clone. With our experiments,
we aim to provide a systematic study of the populational
distribution of BFM switching behavior and compare it to
its long time temporal fluctuation. We found the concept
of ergodicity, as a mathematical criterion, can be used to
separate a highly dynamic process from stable individuality.
We then discuss the different selection advantages conferred
by populational heterogeneity and temporal fluctuation in
the BFM switching to bacterial survival.MATERIALS AND METHODS
Bacterial strains, plasmids
E. coli strain YSC2188 (fliC::tetRA) was a derivative of AW405 and trans-
formed with a plasmid pYC58 (fliC sticky filaments, isopropyl-b-D-thioga-
lactoside inducible, ampicillin resistance, pTrc99A derivative). The strain
carries sticky fliC mutation, but otherwise wild-type for motility and
chemotaxis. Cells were grown at 30C for 5 h in T-broth (1% tryptone
and 0.5% NaCl) supplemented with the appropriate antibiotics to preserve
plasmids. Isopropyl-b-D -thiogalactoside (0.1 mM) was added for expres-
sion of sticky filaments.Sample preparation, bead assay, and microscopy
Cells were washed twice by centrifugation at 3000  g and resuspended in
motility medium (10 mM potassium phosphate, 0.1 mM ethylene-diamine-
tetraacetic acid, 10 mM lactate, pH 7.0). The cells were passed through a
25-gauge needle to partially shear their sticky flagellar filaments and then
settled on a poly-L-lysine (P4707, Sigma-Aldrich, St. Louis, MO)-coated
coverslip. Latex beads with a diameter of 1.5 mm (Molecular Probes,
Eugene, OR) were attached to the filament.
Two parallel measurements were conducted.
A. Group measurement. We simultaneously recorded the rotation of 30~50
beads attached to flagellar motors in the image filed under a 40 phase
contrast objective on a microscope platform (IX71, Olympus, Tokyo,
Japan). Bead rotation was recorded at the image plane by a high speedFIGURE 1 The behavioral variability in chemo-
tactic response and especially BFM switching
observed in a colony of bacteria could be explained
by two distinct scenarios: a), Motor switching is a
highly dynamic process. Behavioral variability at
the population level comes from the same dynamic
process, but observed at different time points. b),
Behavioral variability is due to stable individuality
of the expression level of key regulatory proteins in
each cell. To see this figure in color, go online.
Escherichia coli Flagellar Motor Switching 2125charge-coupled device camera (Dismo and ICL-B0620M, IMPERX,
Tokyo, Japan) at sampling rate 200 Hz.
B. Single cell long time measurement. The rotation speed was measured by
projecting the phase-contrast image of each bead onto a quadrant photo-
diode through a 60 oil immersion objective lens as described by Che
et al. (20). Custom software allowed real-time monitoring of the bead
spatial trajectory and only beads with steady elliptical or circular trajec-
tories were recorded. Each motor rotation was recorded for 30 min with
5000 Hz sampling rate by a 16-bit A-D board (Microscience, Tokyo,
Japan), using the LaBDAQ software package (Matsuyama Advance,
Ehime, Japan). All experiments were done at ~20C.FIGURE 2 Flagellar motor switching recorded by our experimental
setup. (a) Schematic plot of our bead assay experiment. Microbeads were
attached to the sheared flagellar stubs as an indicator of motor rotation.
The motor stochastically switches between two states, CW and CCW. (b)
Typical 200 s sample trace of motor switching recorded by a high speed
camera, showing alternating CWand CCW intervals and frequent switching
between two states. CCW bias of this motor is ~0.6.Data analysis
In our group measurement experiment, series of snapshots recording the
bead rotation were analyzed by a custom image processing program (Igor
or LabVIEW). The program automatically found the center of each bead
image and the trajectory of continuous rotation was obtained. The spatial
trajectories of rotating beads were subsequently converted into an angle
and a radius by fitting a circle or an ellipse to the trajectory. Instantaneous
motor speed was calculated by dividing the difference between successive
angles by the sampling time, 5 ms. To reduce noise, the record of speed
versus time was 20-point median filtered before further analysis.
In the single cell long time recording experiment, voltage signals from
the quadrant photodiode were first converted into (x, y) positions as previ-
ously described (20). Bead trajectories were then converted into an angle
and a radius by the custom Labview program by fitting an ellipse to the
bead trajectory and assuming that trajectories represent the projection of
circular orbits onto the focal plane of the microscope. Instantaneous motor
speed was calculated by dividing the difference between successive angles
by the sampling time, 0.2 ms. To reduce noise, the record of speed versus
time was 100-point median filtered before further analysis.RESULTS
Populational heterogeneity observed in BFM
switching
We studied wide-type E. coli behavioral variability by moni-
toring BFM switching from a group of cells. By attaching
polystyrene microbeads (1.5 micron meter diameter) to
the sheared flagellar stubs of E. coli flagellar motor immo-
bilized onto microscope slides, we were able to study
BFM switching dynamics at high spatial and temporal reso-
lutions (Fig. 2 a). To study the populational distribution of
BFM switching, we simultaneously recorded the rotation
of beads attached to flagellar motors on many live cells
grown from a single colony. In this group measurement,
BFM switching on multiple E. coli cells (~30–50) in the
image field under a 40 phase contrast objective on an
Olympus IX 71 microscope was recorded by a high speed
charge-coupled device camera at a sampling rate 200 Hz.
The E. coli cells under study were kept in a stimulus-free
environment. Time-lapse images of each rotating bead
were processed by custom-written software. The software
fits the two-dimensional trajectory of each rotating bead
and the rotation speed as a function of time was extracted
(a 200 s sample trace of BFM switching is shown in
Fig. 2 b). In a typical switching trace, the flagellar motorstochastically switches its rotating direction between
CCW and CW states and motor switching showed different
biases depending on the cytoplasmic [CheY-P]. We care-
fully examined the spatial trajectory of each bead and the
rotation speed. Only records with good circular trajectory
and steady, fast speed (reference to the published torque-
speed relationship of the BFM) were accepted for further
analysis. By this strict criteria, we ensured that the switching
bias we analyzed were from BFMs working under the same
external loads.
We conducted the group measurement, each lasting 200 s,
16 times; ~1/2 of the recorded rotating beads survived our
selection criterion. We defined motor CCW bias as the
faction of time the motor rotates in the CCW direction
CCWbias ¼
X
tccw
.X
tccw þ
X
tcw

; (1)
and CCW bias can be readily calculated from the speed
versus time trace of each single cell. For each measurement,
we further defined Group average CCW bias as
CCWbias ¼
XN
i¼ 1
CCWbiasðiÞ
.
N; (2)
where N denotes the total number of cells analyzed. Of
our 16 times group measurements, we analyzed 11–25 cells
for each measurement (Fig. 3 a). The Group average
CCW bias for each measurement are ðmean5SEÞ:
CCWbias ¼ 0:8150:07, 0:8850:06, 0:7350:08,
0:9250:02, 0:8750:09, 0:8450:08, 0:5650:12,Biophysical Journal 105(9) 2123–2129
FIGURE 3 Populational heterogeneity observed in motor switching. (a)
Group average CCW bias from simultaneous recording of many switching
motors. Data points are mean5 SE of CCW bias from 19, 15, 17, 18, 11,
11, 13, 12, 16, 24, 22, 12, 28, 19, 19, and 25 cells. (b) Histogram of the
populational switching bias showed a bimodal distribution.
2126 Bai et al.0:8450:06, 0:8250:06, 0:8350:04, 0:9350:02,
0:8850:07, 0:9050:04, 0:7550:08, 0:8650:06,
0:8950:04 (summarized in Fig. 3 a). Except for one mea-
surement that gave ~0.6, the Group average CCW bias
values distributed around the mean value 0.83 within a nar-
row range of up to 50.09 with an average of 50.06.
Using available data, we plotted a histogram of the popu-
lational CCW bias distribution of the total 281 cells we have
analyzed (Fig. 3 b). Consistent with previous publications
(21), we observed notable populational heterogeneity in
BFM switching. From our measurement, the Group average
CCW bias of wild-type E. coli flagellar motor was ~0.8.
However, the distribution was not centered at 0.8, as most
people would expect from a unimodal distribution. Instead,
it showed a bimodal characteristic, with the majority of cells
switched with high CCW bias (~1) and a small portion of
cells switched with low CCW bias (~0). Cells switching at
mid CCW bias (~0.5) occurred with the lowest probability.
We also returned to the data set we collected earlier for
studying the switching mechanism of BFM (15). In those
experiments, we conducted successive recordings of BFM
switching, 30 s each, in a nonchemotactic environment. In
total we selected 807 such short recordings with good circu-
lar trajectory and steady, fast speed (reference to the pub-
lished torque-speed relationship of BFM). Given theBiophysical Journal 105(9) 2123–2129recording time was relatively short, these quasisimultaneous
measurements gave us a Group average CCW bias
CCWbias ¼ 0:7850:01, which was similar to the value we
reported in this study. The histogram of the populational
CCW bias distribution of those 807 cells also showed a
similar pattern as that in Fig. 3 b.Temporal fluctuations observed in BFM switching
To investigate the temporal fluctuations in BFM switching,
we performed a long time single cell recording. We moni-
tored single E. coli flagellar motor switching, each for
30 min using a high-resolution optical detection system as
previously described (20). Polystyrene microbeads (1.5
micron meter diameter) were attached to the sheared
flagellar stubs of E. coli flagellar motor as an indicator of
motor rotation. Custom-written software was used to
analyze the voltage signal collected on the quadrant photo-
diode and signals were converted into motor speed versus
time traces. Only cells with good circular trajectory and
steady, fast speed were selected for further analysis. In total,
we collected 27 such long time single cell recordings under
physiological conditions. The motor switching dynamics
was highly similar to the example shown in Fig. 2 b. A mov-
ing time window of size 30 s was applied through the entire
speed versus time trace to calculate the time-dependent
CCW bias—CCWbiasðtÞ, the same method as used in 16.
We then defined the Time average CCW bias as
hCCWbiasi ¼
XT
t¼ 1
CCWbiasðtÞ
.
T; (3)
where T is the total number of a moving time window
that spans the entire recording time. Using this definition,
the Time average CCW bias of 27 cells were 0.96, 0.99,
0.97, 0.71, 0.96, 0.99, 0.96, 0.91, 0.01, 0.99, 0.96, 0.79,
0.95, 0.89, 0.93, 0.99, 0.93, 0.94, 0.85, 0.98, 1.0, 0.003,
0.98, 0.96, 0.89, 0.81, 0.99 (summarized in Fig. 4 a),
and three representative time-dependent CCW bias traces
were presented in Fig. 4 b. From our results, we saw partial
agreement with previous reports (19). In some cells, for
example cell 12, we observed large temporal fluctuations
in motor switching bias. In this cell, although the Time
average CCW bias was ~0.8, the time-dependent CCW
bias showed a large oscillation, moving repeatedly from
low to high CCW bias regimes. However, cells with such
great temporal fluctuations in switching bias were very
rare. In most of the cases, motor switching bias was rela-
tively stable, featuring high CCW bias or low CCW bias,
as illustrated by cell 3 and cell 9, respectively. In these cells,
small temporal fluctuations in motor switching occasionally
occurred, but the magnitude was small and duration was
short. On the large timescale, switching biases in these cells
were highly stable.
FIGURE 4 Temporal fluctuations observed in motor switching. (a) Time
average CCW bias of 27 cells, calculated from 30 min long time recording
of each motor. Three cells (labeled by red, green, blue colors) have been
selected for time-dependent CCW bias display. (b) Representative time-
dependent CCW bias traces from cell 3 (representing stably high CCW
bias, red), cell 9 (representing stably low CCW bias, green), and cell 12
(representing largely fluctuating CCW bias, blue). To see this figure in co-
lor, go online.
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temporal fluctuations in BFM switching
From the previous results, we can compare populational
heterogeneity with temporal fluctuations in BFM switching,
especially in the words of ergodicity. Ergodicity is a statis-
tical property of a process that satisfies the following condi-
tion: the average over time (Time average value) of a
changing property of the system is the same as the average
at a given time point over a large ensemble of the same
systems (Group average value). A prominent example that
satisfies ergodicity is the position of a moving particle un-
dergoing one-dimensional Brownian motion. However, in
most biological processes, fluctuations of measurable quan-
tities are usually very slow and occasions that satisfy ergo-
dicity have not been many.
In our observation of the motor switching, surprisingly,
we found the cells in a bacterial clone can be divided into
two categories. Motor switching biases of most cells didnot satisfy ergodicity: their Time average CCW bias did
not equal a Group average value. Although each individual
cell showed temporal fluctuations in their switching bias, it
seldom explored the large variations shown in space mea-
surement. This reinforced the conclusion drawn by Spudich
and Koshland (19) that stable nongenetic heterogeneity
exists in bacterial chemotactic behavior. However, there
were still some examples, as shown by our data and previous
reports, in which the motor switching bias did vary a lot and
satisfied ergodicity. In these cells, the switching bias was
featured by a highly dynamic temporal process and repeated
observations at different time points indeed gave highly het-
erogeneous behavioral states, consistent with a simulta-
neous observation of an ensemble of such cells.DISCUSSION
In this work, we examined wild-type E. coli flagellar motor
switching in a nonchemotactic environment by two parallel
methods: simultaneous group measurement and single cell
long time measurement. We took extra care to make sure
that the cells we reported here were under the same physio-
logical and mechanical conditions.
At the populational level, heterogeneity in BFM switch-
ing was observed. Under the same physiological and
mechanical conditions, cell-to-cell variability was still
large. Although most of the cells were found to have the
motor rotating in high CCW bias, there were cells with
the motor rotating in mid and low CCW bias. Overall, the
motor switching bias showed a bimodal distribution. In
our single motor long time recording experiments, we
observed temporal fluctuations in BFM switching. In some
cases, drastic fluctuation in BFM switching was observed,
in agreement with a previous publication. In these cells,
ergodicity in switching was satisfied. However, for the
majority of the cells, temporal fluctuations were small and
motor switching showed stable individuality.
How could such populational heterogeneity and temporal
fluctuation in motor switching be produced? Because the
motor switching bias is sensitively regulated by the cyto-
plasmic concentration of the signaling molecule CheY-P,
behavioral variability would be a direct reflection of cell-
to-cell difference in [CheY-P]. As our experiments were
all carried out in a stimulus-free environment, [CheY-P]
was not actively regulated by the chemotactic signaling
network. Hence, populational heterogeneity in switching
bias should represent different equilibrium [CheY-P]
balancing phosphorylation by CheA and dephosphorylation
by CheZ. Similarly, the temporal fluctuation in motor
switching must be representing how steady-state [CheY-P]
changed with time.
The bacterial chemotactic signaling pathway includes
several key regulators, such as CheR, CheB, CheA, CheW,
CheY, CheZ (22). The expression level of each protein
can vary from cell to cell, as recently demonstrated by aBiophysical Journal 105(9) 2123–2129
2128 Bai et al.high-throughput system-wide analysis (4). Therefore, it is
not surprising that the steady-state [CheY-P] showed popu-
lational heterogeneity. Furthermore, the stochastic nature of
biochemical reactions, especially the random synthesis and
breakdown of individual molecules gives rise to temporal
fluctuation in the total number of any protein expressed in
a cell. Such temporal fluctuation in the expression level of
CheY itself and its upstream regulators will produce a
time-dependent change in [CheY-P]. However, we should
not forget another important factor. As the motor switching
bias responds ultrasensitively (with a Hill coefficient of ~10)
(12) to [CheY-P], uneven expression and temporal varia-
tions in [CheY-P], even very subtle, can be greatly amplified
into a notable populational heterogeneity and large temporal
fluctuations observed in our experiments.
This can be further elaborated as follows (Fig. 5): we first
assume at steady state, the equilibrium CheY-P concentra-
tion from different cells shows an even distribution. From
our switching bias histogram, we saw a bimodal distribution
and there are much more cells in high CCW bias. Therefore,
we can estimate the CheY-P concentration distribution must
span both the high CCWend and the lowCCWend of the Hill
response curve and with much more portion lying in the high
CCWend. With this model, it is easy to explain the phenom-
enon we have observed. 1), Switching bias from different
cells showed a bimodal distribution and cells switching at
mid CCW bias (~0.5) occurred with the lowest probability
because the CheY-P concentration leading to mid CCW
bias lies in the sharpest part of the Hill response curve.
Assuming an even distribution of steady-state CheY-P con-
centration from cell to cell, motors switching at mid bias
will occur with lowest probability. 2) Motor switching at
mid bias tends to have higher temporal fluctuation. We as-
sume at steady state, the equilibrium CheY-P undergoes tem-
poral fluctuations. At the high CCW end and the low CCW
end of the Hill response curve, such fluctuation (shaded
area) cannot generate large changes in CCW bias. However,
at points near mid CCW bias, again, due to the sharpness of
the Hill response curve, a fluctuation in CheY-P concentra-
tion will produce large changes in CCW bias.FIGURE 5 Uneven expression and temporal variations in steady-state
[CheY-P] can be amplified into notable populational heterogeneity and
large temporal fluctuations in motor switching bias due to the ultrasensitive
response of the motor.
Biophysical Journal 105(9) 2123–2129The existence of such populational heterogeneity and
temporal fluctuations in BFM switching bias lead one to
ask whether it confers selection advantages to the bacterial
survival. What is the biological implication of large tempo-
ral fluctuation in motor switching? According to Korobkova
et al. (19), such variability in switching bias leads to the
power-law behavior of CCW intervals and generates
heavy-tailed run-length distribution of individual swimming
cells, which is a typical feature of Le´vy flight. Compared to
Brownian motion, there is accumulating evidence (23–25)
showing that Le´vy flight, as a foraging strategy, can optimize
search efficiencies, especially when the spatial distribution
of nutrients is sparse. The same strategymay also be adopted
by bacteria to adapt to a complex environment, where fluc-
tuating switching behavior brings evolutional advantage.
What is the biological implication of large populational
heterogeneity in motor switching? Phenotypic diversity is
often proposed as a bet-hedging mechanism, where nature
avoids putting all eggs in one basket in varying and unpre-
dictable environments. If a bacterial clone has a single
foraging mechanism, the whole population moves toward
the nutrients. This can be dangerous when facing unrecog-
nized chemicals or when toxics are surrounded by nutrients.
From our results, under physiological conditions, most of
the cells have motors rotating the flagella in high CCW
bias, enabling efficient chemotactic search. Those cells
that have motors rotating in mid and low CCW bias perform
abnormally more tumbles and fail to navigate to distant
areas. Under normal circumstances, this group of cells suf-
fers from a lack of nutrients, leading to an unimportant loss
if a majority of the colony can survive. However, in emer-
gent conditions described previously, this group of cells
that has failed to respond, becomes the only survivors and
the seed for new bacterial generations. Such bet-hedging
strategy, on a nongenetic basis, could increase the overall
fitness of a bacterial population.
Considering the ubiquity in design principles of similar
biological signaling pathways, we expect that nongenetic in-
dividuality will be a recurring theme. The methods we pre-
sented in this study can also be used to study other systems.
The authors thank Shuichi Nakamura for helpful discussions. F.B would
like to acknowledge contributions from Richard Branch, Teuta Pilizota,
and Richard Berry in the experiment of successive recordings of BFM
switching. F.B. was a research fellow of the Japan Society for the Promotion
of Science when the project was started.
This work was supported in part by JSPS KAKENHI Grant Nos. 25840054
(Y.S.), 21227006, and 25000013 (K.N.), by a Grant-in-Aid for Scientific
Research on Innovative Areas ‘‘Spying minority in biological phenomena’’
(23115008 to T.M., 24115518 to Y.S.) of MEXT, Japan, and by Nakatani
Foundation (Y.S.).REFERENCES
1. Raj, A., and A. van Oudenaarden. 2008. Nature, nurture, or chance:
stochastic gene expression and its consequences. Cell. 135:216–226.
Escherichia coli Flagellar Motor Switching 21292. Elowitz, M. B., A. J. Levine, ., P. S. Swain. 2002. Stochastic gene
expression in a single cell. Science. 297:1183–1186.
3. Yu, J., J. Xiao, ., X. S. Xie. 2006. Probing gene expression in live
cells, one protein molecule at a time. Science. 311:1600–1603.
4. Taniguchi, Y., P. J. Choi, ., X. S. Xie. 2010. Quantifying E. coli
proteome and transcriptome with single-molecule sensitivity in single
cells. Science. 329:533–538.
5. Brock, A., H. Chang, and S. Huang. 2009. Non-genetic heterogene-
ity—a mutation-independent driving force for the somatic evolution
of tumours. Nat. Rev. Genet. 10:336–342.
6. Huang, S. 2009. Non-genetic heterogeneity of cells in development:
more than just noise. Development. 136:3853–3862.
7. Lewis, K. 2010. Persister cells. Annu. Rev. Microbiol. 64:357–372.
8. Balaban, N. Q., J. Merrin,., S. Leibler. 2004. Bacterial persistence as
a phenotypic switch. Science. 305:1622–1625.
9. Spudich, J. L., and D. E. Koshland, Jr. 1976. Non-genetic individuality:
chance in the single cell. Nature. 262:467–471.
10. Berg, H. C. 2003. The rotary motor of bacterial flagella. Annu. Rev.
Biochem. 72:19–54.
11. Sowa, Y., and R. M. Berry. 2008. Bacterial flagellar motor. Q. Rev.
Biophys. 41:103–132.
12. Cluzel, P., M. Surette, and S. Leibler. 2000. An ultrasensitive bacterial
motor revealed by monitoring signaling proteins in single cells.
Science. 287:1652–1655.
13. Duke, T. A. J., N. Le Nove`re, and D. Bray. 2001. Conformational
spread in a ring of proteins: a stochastic approach to allostery.
J. Mol. Biol. 308:541–553.
14. Ma, Q., D. V. Nicolau, Jr.,., F. Bai. 2012. Conformational spread in
the flagellar motor switch: a model study. PLOS Comput. Biol.
8:e1002523.15. Bai, F., R. W. Branch,., R. M. Berry. 2010. Conformational spread as
a mechanism for cooperativity in the bacterial flagellar switch. Science.
327:685–689.
16. Fahrner, K. A., W. S. Ryu, and H. C. Berg. 2003. Biomechanics:
bacterial flagellar switching under load. Nature. 423:938.
17. Yuan, J., K. A. Fahrner, and H. C. Berg. 2009. Switching of the bacte-
rial flagellar motor near zero load. J. Mol. Biol. 390:394–400.
18. Bai, F., T. Minamino, ., J. Xing. 2012. Coupling between switching
regulation and torque generation in bacterial flagellar motor. Phys.
Rev. Lett. 108:178105.
19. Korobkova, E., T. Emonet,., P. Cluzel. 2004. Frommolecular noise to
behavioural variability in a single bacterium. Nature. 428:574–578.
20. Che, Y. S., S. Nakamura,., T. Minamino. 2008. Suppressor analysis
of the MotB(D33E) mutation to probe bacterial flagellar motor
dynamics coupled with proton translocation. J. Bacteriol. 190:6660–
6667.
21. Mora, T., F. Bai,., N. S. Wingreen. 2011. Non-genetic individuality
in Escherichia coli motor switching. Phys. Biol. 8:024001.
22. Kollmann, M., L. Løvdok,., V. Sourjik. 2005. Design principles of a
bacterial signalling network. Nature. 438:504–507.
23. Viswanathan, G. M., S. V. Buldyrev, ., H. E. Stanley. 1999. Opti-
mizing the success of random searches. Nature. 401:911–914.
24. Viswanathan, G. M., V. Afanasyev, ., H. E. Stanley. 2000. Le´vy
flights in random searches. Physica A. 282:1–12.
25. Humphries, N. E., N. Queiroz, ., D. W. Sims. 2010. Environmental
context explains Le´vy and Brownian movement patterns of marine
predators. Nature. 465:1066–1069.Biophysical Journal 105(9) 2123–2129
